ABSTRACT Silk with antibacterial properties was grafted using dimethylaminoethyl methacrylate (DMAEMA) in water by the ATRP method. The structure and properties of silk-grafted-PDMAEMA (Silk-g-PDMAEMA) and quaternized grafted silk (Q-Silk-g-PDMAEMA) were investigated. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) and X-ray photoelectron spectroscopy (XPS) analysis confirmed the grafting of DMAEMA and the quarternization. Differential scanning calorimetry (DSC) measurements indicate that the thermal stability of Silk-g-PDMAEMA slightly increased compared with the control silk. X-ray diffraction (XRD) curves demonstrate that the crystalline structure of Silk-g-PDMAEMA remained unchanged regardless of the DMAEMA grafting. The Q-Silk-g-PDMAEMA had good antibacterial properties when exposed to both Staphylococcus aureu and Escherichia coli, and had good washing fastness. The breaking strength, whiteness and gas permeability of Silk-g-PDMAEMA slightly decreased, which had no effect on the intrinsic properties of silk fabric.
INTRODUCTION
Numerous investigations have been carried out on the grafting of vinyl monomer onto silk fabric for improving properties, such as dimensional stability, wrinkle recovery and antimicrobial activity [1] [2] [3] . Monomers are mostly grafted on silk by various chemical initiators or by irradiation. But in these methods, the monomers form homopolymer easily, which could decrease the availability of monomers. Moreover, the distribution of the molecular weights and chain length of the grafting polymer are unable to be controlled.
Atom transfer radical polymerization (ATRP) is a powerful, versatile, simple and inexpensive method in controlled free radical polymerization [4] .
Recently, an improved ATRP technique, activators regenerated by election transfer ATRP (ARGET ATRP) has been developed. This method allows an ATRP process to be conducted with a very active transition metal catalyst in a tiny amount in the presence of a sufficiently large excess of reducing agent such as ascorbic acid, tin (II) 2-ethylhexanoate, or glucose [5] . Additionally, the catalyst and excess reducing agent could effectively scavenge and remove dissolved oxygen from the polymerization system [6] .
Silk possesses a host of polar groups on the side chain of various amino acid residues. And it is a potential material for practical functional use. Therefore, silk was grafted with N, NDimethylaminoethyl Methacrylate (DMAEMA) through ARGET ATRP in water to obtain silk with antibacterial properties. During the copolymerization, CuBr 2 was used as catalyst, N, N, N', N", N" -pentamethyldiethylenetriamine (PMDETA) was used as ligand, and vitamin C (Vc) was used as reducing agent. The structure and properties of the grafted silk were investigated in this study.
EXPERIMENTAL

Materials and Reagents
Degummed silk fabrics (plain woven, 43 g/m 2 ) were supplied by Suzhou Huasi Silk Printing & Dyeing Co., LTD (Suzhou, Jiangsu Province, China). DMAEMA was purchased from Wuxi Xinyu Chemical Co. Ltd. and was distilled under reduced pressure prior to polymerization. Triethylamine (TEA) and tetrahydrofuran (THF) was dried by CaH 2 overnight, and then distilled under reduced pressure before use. CuBr 2 , PMDETA, Vc and 4-(dimethylamino) pyridine (DMAP) were used as received. 2-bromoisobutyryl bromide (BriB-Br) (98%, Alfa Aesar) and all other reagents were used without further purification. 
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Grafting Procedures
The synthesis procedure of the silk macroinitiator (Silk-Br) was provided in our previous article [7] . The procedure of ARGET ATRP grafting silk with DMAEMA was as follows: Silk-Br was immersed into a reaction mixture containing 0.306mmol/L of DMAEMA, 0.16 mmol of CuBr 2 , n (PMDETA): n (CuBr 2 ) = 2:1, 0.15mmol/L of Vc and deionized water in a 100 mL round-bottom flask. After sealing it with a polytetrafluoroethylene three-way stopcock, the flask was evacuated and flushed with nitrogen, which was repeated three times. The mixture was placed in water bath and polymerized under oscillating under pH 8, at 80°C for certain time. For the weight gain of silk increased with the grafting time extending in ATRP grafting system, silk with different weight gain values could be obtained through changing the grafting time up to 2h. After the reaction finished, the sample was rinsed with methanol and water to reach constant weight, and then dried in a vacuum oven at 40℃. Thus a silkgrafted-PDMAEMA (Silk-g-PDMAEMA) sample was obtained. The weight gain was calculated as:
where w 1 and w 2 denote the weight of Silk-Br(silk macroinitiator) and Silk-g-PDMAEMA, respectively.
Quaternization of Grafted Silk
The grafted silk, Silk-g-PDMAEMA (1 g), was placed in a solution of 5 mL of methyl bromide in 15 mL of nitromethane at 0°C of ice-bath reactor and stirred for 3 hours, then left to warm up to room temperature and reacted for 24 hours, and silk sample was thoroughly washed with THF, then water and finally dried at 40°C in vacuum oven. Thus silk with antibacterial property, Q-Silk-g-PDMAEMA, was prepared.
Characterization and Measurements
The infrared spectra of silk were recorded on a Nicolet 5700 FTIR equipped with a single reflection ATR system. The chemical compositions of the SilkBr, Silk-g-PDMAEMA and Q-Silk-g-PDMAEMA surfaces were determined by X-ray photoelectron spectroscopy (XPS). The XPS measurements were performed on a Thermo ESCALAB 250 XPS spectrometer. The X-ray source was run at a power of 150 W (15 kV and 10 mA). The samples were attached to the spectrometer probe with double-sided adhesive tape and analyzed with Al Ka X-ray source (1486.6 eV photons) with pass energy of 20 eV.
Binding energy values were calculated relative to the C1s photoelectron peak at 284.6 eV. The surface morphology of the grafted and control silk was examined, after gold coating, with a Hitachi S-4700 scanning electron microscope (SEM) at acceleration voltage of 15 kV. Differential scanning calorimetry (DSC) measurements were performed on a Diamond 5700 thermal analyzer at a hearting rate of 10°C /min. The temperature range was from 40°C to 500°C. The open aluminum cell was swept with N 2 during the analysis. X-ray diffraction (XRD) patterns were obtained at a scanning rate of 1°/min using an D/Max-III C X-ray diffractometer. The voltage and current of the X-ray source were 40 kV and 30mA, respectively. The antibacterial properties of the fabrics were tested against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) according to modified testing method for antibacterial activity of textiles (AATCC 100). The bacteria reduction percentage, inhibition rate, of Q-Silk-g-PDMAEMA was calculated according to the following equation:
where A and B are the surviving bacterial cells for the plates containing Q-Silk-g-PDMAEMA and the control (pristine silk fabric), respectively.
In addition, in order to investigate the durability of antibacterial property of Q-Silk-g-PDMAEMA, the washing fastness was also tested according to the following laundering procedure: the treated silk fabric was subjected to a specified number of hand washing (HW) cycles according to AATCC Figure 1 was used to demonstrate the presence of DMAEMA polymer on the silk surface and the quaternization of grafted silk. There was no weight gain for the Silk-Br (0% sample). The spectrum of the Silk-g-PDMAEMA showed the characteristic absorption peak of amide linkage at about 1650 cm -1 and 1530 cm -1 . However, a carbonyl peak at 1726 cm -1 was a positive indicator for the poly (2-(dimethylamino) ethyl methacrylate) (PDMAEMA). The carbonyl peaks were clearly seen on the Silk-g-PDMAEMA and Q-Silk-g-PDMAEMA samples but not on Silk-Br macroinitiator, which indicated that DMAEMA monomer was grafted onto silk. Furthermore, for the Q-Silk-g-PDMAEMA sample, there was an additional peak at 960 cm -1 , which is the characteristic peak of quaternized salt. Accordingly, the Silk-g-PDMAEMA was proved to be successfully quaternized. 
XPS Spectra
The XPS C 1s and N 1s spectra of silk surface before and after grafting and quaternization are shown in Figure 2 . Compared with C 1s spectrum of Silk-Br (Figure 2a) , a new peak at 286.5 eV of binding energy occurred for the C 1s spectrum of Silk-g-PDMAEMA (Figure 2c) , which was attributed to C-OR of PDMAEMA. The XPS spectra further indicated that PDMAEMA side chain was distributed onto silk surface. An additional peak of 402.5 eV is observed in N 1s spectrum of Q-Silk-g-PDMAEMA (Figure 2b) , which is the binding energy peak of C-N + functional antibacterial group. This also confirmed the quaternization of grafted silk. Figure 3 shows the surface of the Silk-g-PDMAEMA fiber with different weight gain values. At low weight gain, the silk surface was similar to that of the ungrafted sample, while a thin polymeric film partly covered the fibers with higher weight gain. As the weight gain further increased, the film became thicker attributed to the homopolymerization. However, the homopolymer was supposed to establish strong interactions with silk, by means of physical forces or chemical bonds, because it is resistant to methanol treatments. And the homopolymer was not too much. Because in ATRP grafting system, there was no initiator in the grafting solution, theoretically the monomer could only react with the macroinitiator. Figure 4 shows the DSC curves of silk with different weight gain values. The control sample displayed an intense endothermic peak at 325 ℃, attributed to the thermal decomposition of silk with oriented β-sheet structure [8] . New endothermic peaks appeared at about 243 ℃ in the curve of Silk-g-PDMAEMA with 21.9% of weight gain, which was attributed to specific thermal transitions of poly (DMAEMA) chain [9] . The decomposition peak of silk in the grafted samples showed a tendency to move upwards with the increase of weight gain. Hence the effect of grafting DMAEMA onto silk was to make silk more thermally stable though the change was small. 
Surface Morphology
Thermal Properties
Crystalline Structure
In order to identify the crystalline structure of the silk before and after grafting, X-ray diffraction was analyzed as shown in Figure 5 . Silk with different weight gain all exhibited a major X-ray diffraction peak at 20.5 degree, which is characteristic of silk with highly ordered β-structure [10]. The position and intensity of the major X-ray diffraction peak did not change regardless of the grafting of DMAEMA.
The results indicated that the crystalline structure with oriented β-crystal was not directly modified by the ARGET ATRP graft-copolymerization. Table I shows the anti-bacterial properties of Q-Silkg-PDMAMEA. It can be seen that the Q-Silk-g-PDMAEMA had good anti-bacterial properties to both Staphylococcus aureus and Escherichia coli. The inhibition rates increased with the weight gain Table II lists the breaking strength, whiteness, gas permeability and moisture permeability of control and grafted silk fabrics. With the increase of weight gain, the breaking strength, whiteness and gas permeability of Silk-g-PDMAEMA slightly decreased. With the weight gain increasing, the moisture permeability of Silk-g-PDMMEP nearly had no change but increased in a small degree. This was due to the monomer DMAEMA carried hydrophilic tertiary amine groups. In general, under the circumstances of less affecting the intrinsic properties of silk fabric, silk with antibacterial property could be obtained by properly controlling the weight gain. 
Antibacterial Properties
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Physical Properties
CONCLUSIONS
Antibacterial silk was successfully prepared using DMAEMA as monomer through the ARGET ATRP method. ATR-FTIR and XPS characterization indicate that DMAEMA was grafted onto the silk surface, and the antibacterial silk was successfully obtained through the quaterization of grafted silk. DSC analysis demonstrates that the grafted silk was more thermally stable than the control silk. The QSilk-g-PDMAMEA had good anti-bacterial property to both S. aureus and E. coli, and had good washing durability. The breaking strength, whiteness and gas permeability of grafted silk fabric slightly decreased, which had little effect on the intrinsic properties of silk fabric.
